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Geometries and Energetics
• DFT results indicate higher barriers for planar π-bond shifting than for conformational change in
both 1a and 2a.
• For planar bond shifting, 1a requires significantly more conformational flattening than does 2a.
a Relative energies (kcal/mol) are corrected for difference in zero point energy. 
b Δr is the difference in Å between the longest and shortest C-C bond of a species.
Introduction
Annulenes are monocyclic hydrocarbons with alternating single and double bonds which may
undergo π-bond shifting and conformational change.
Quantum mechanical tunneling (QMT) can be envisioned as passage through rather than over an
energy barrier. Due to quantum mechanics, particles can tunnel through sufficiently narrow barriers
instead of passing over them.1 Tunneling probability (P) is proportional to! ∝ #$%&''()' *(+,- .&// %&''()' -)(0-, indicating particles which travel smaller distances and have
smaller masses have a greater probability of tunneling.
For both configurational isomers of [16]annulene, 1a and 2a, we predict planar degenerate bond
shifting to be rapid at temperatures above 80 K due to QMT by 16 carbons simultaneously.
Additionally, we expect π-bond shifting in both isomers to occur faster than competing conformation
change reactions. Computational results of this investigation on the competing processes of bond
shifting and conformational change are presented.
Computed Rate Constants With and Without Tunneling, and 
Arrhenius Plots
• Rate constant calculations indicated bond shifting for both isomers is rapid above 80 K and rapid 
for the minor isomer, 2a, at temperatures down to 10 K. 
Reactions 1b ⇋ 1a ⇌ 1a’
Reactions 2b ⇋ 2a ⇌ 2a’Background• In the 1960s Sondheimer, Oth and Schröderfirst synthesized [16]annulene.2, 3
• In 1971, Oth and Schröder analyzed π-bond shifting, conformational change and configurational
change in [16]annulene using variable temperature 1H NMR. They concluded two configurational
isomers (1a, the major and 2a, the minor) existed in equilibrium.4
• At temperatures above -50 OC Oth observed 1 signal, suggesting the processes of bond shifting,
conformational change and configurational change all occurred rapidly.
• At temperatures below -90 OC, Oth observed 2 signals, one corresponding interior hydrogens and
one corresponding to exterior hydrogens, suggesting planar degenerate bond shifting was rapid
while other processes had slowed.
• While hydrogen atom tunneling in chemistry is well established,5 examples of tunneling by heavy
atoms, such as carbon, are relatively rare.
• In 1983 Carpenter suggested that tunneling by 4 carbons 
simultaneously accounted for > 97% of the rate constant 
below 0 OC in the automerization of cyclobutadiene-d2.6
• The work of Oth suggests [16]annulene is a good candidate for observation of QMT by 16 carbons
simultaneously.
- Planar degenerate π-bond shifting is rapid at both 0 OC and -100 OC.
- To shift bonds, carbons need to move little (for species 1a at 2 kcal/mol above the minimum,
0.082 Å avg. [bond shift] vs. 0.358 Å avg. [conform. change]).
• Two π-bond shift (1a ⇌ 1a’ and 2a ⇌ 2a’) and two conformation change (1a ⇌ 1b and 2a ⇌ 2b)
reactions were chosen from the work of Oth to study the contribution of QMT by carbon in
[16]annulene.
Intrinsic Reaction Coordinates (IRC)
• IRCs indicated narrow barriers present in π-bond shifting reactions and broad barriers in 
conformation change reactions for 1a and 2a.
Proposed Experimental Test: Low-Temperature 1H NMR 
Spectroscopy
• Variable temperature 1H NMR analysis of [16]annulene allows for testing of our predictions.
• At ca. 120 K, for 1a…
- Bond shifting is fast.
- Conformation change is slow.
- Hb and Hd become magnetically 
equivalent due to rapid averaging.
- Ha and Hc should appear as triplets.
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Computational Methods
• (U)M06-2X/cc-pVDZ was used for geometry optimizations, vibrational frequency calculations and
intrinsic reaction coordinates construction in Gaussian 09.
• Bond-shift transition states TS1a and TS2a are singlet diradicals. Approximate ("50:50") wave
functions for these were obtained using "guess=alter" in Gaussian 09.
• Energies were also computed at the CASPT2(16,16)/cc-pVDZ level of theory, at the (U)M06-
2X/cc-pVDZ geometries. The active space consisted of all π electrons and all π/π* orbitals.
• (U)M06-2X/cc-pVDZ was used for rate constant calculations in Polyrate 2010-A using canonical
variational transition state theory (CVT) with and without a correction for small-curvature tunneling
(SCT).
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T 
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kCVT
(s-1)
kCVT/SCT
(s-1)
Half Life
(s)
10 -263 1.5 x 10-215 3.6 x 10-1 1.9 x 100
80 -193 7.6 x 10-17 1.7 x 101 4.1 x 10-2
100 -173 4.0 x 10-11 5.2 x 101 1.3 x 10-2
120 -153 2.7 x 10-7 1.7 x 102 4.1 x 10-3
160 -113 1.7 x 10-2 1.5 x 103 4.6 x 10-4
180 -93 6.8 x 10-1 3.9 x 103 1.8 x 10-4
80 -193 4.2 x 10-6 1.1 x 10-5 6.3 x 104
100 -173 1.8 x 10-2 3.2 x 10-2 2.2 x 101
120 -153 4.7 x 100 7.1 x 100 9.8 x 10-2
160 -113 5.2 x 103 6.7 x 103 1.0 x 10-4
180 -93 5.5 x 104 6.6 x 104 1.1 x 10-5
T 
(K)
T 
(OC)
kCVT
(s-1)
kCVT/SCT
(s-1)
Half Life
(s)
10 -263 1.1 x 10-199 9.6 x 10-21 7.2 x 1019
80 -193 8.0 x 10-15 1.6 x 10-1 4.3 x 100
100 -173 1.7 x 10-9 3.9 x 100 1.8 x 10-1
120 -153 6.2 x 10-6 4.3 x 101 1.6 x 10-2
160 -113 1.8 x 10-1 1.3 x 103 5.3 x 10-4
180 -93 5.7 x 100 5.1 x 103 1.4 x 10-4
80 -193 3.5 x 10-11 8.5 x 10-11 8.2 x 109
100 -173 1.5 x 10-6 2.6 x 10-6 2.7 x 105
120 -153 1.8 x 10-3 2.7 x 10-3 2.6 x 102
160 -113 1.4 x 101 1.7 x 101 4.1 x 10-2
180 -93 2.7 x 102 3.3 x 102 2.1 x 10-3
M06-2X CASPT2 M06-2X CASPT2
species symmetry rel Ea rel Ea species symmetry rel Ea rel Ea
1a S4 0.0 0.0 2a C1 1.1 3.5
TS1a D2d 9.6 8.8 TS2a Cs 11.4 9.6
TS1b C1 8.3 10.9 TS2b C1 7.5 9.5
1b C1 5.3 8.4 2b C1 4.6 6.9
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Figu e 2. Automerization of C clobutadie e
Conclusions
• For both 1a and 2a planar degenerate bond shifting is expected to occur much more rapidly than
the competing conformation change reactions, despite lower energy barriers for the latter process.
• At temperatures below -50 OC tunneling by 16 carbons simultaneously is predicted to dominate the
rate constant for the π-bond shift for both isomers.
- Tunneling increases the rate of bond shifting in 1a by a factor of > 1013 at 80 K.
• Tunneling contributes very little to the rates of the conformation change reactions.
• This work represents the first case of tunneling control in which the atomic motions are
concentrated on multiple carbons rather than on hydrogen.
Table 3. Calculated kCVT and kCVT/SCT rate constants 
for 1a at M06-2X/cc-pVDZ.
Table 4. Calculated kCVT and kCVT/SCT rate constants 
for 2a at M06-2X/cc-pVDZ.
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Table 2. Relative energies (kcal/mol) for π-bond 
shifting and conformation change reactions in 
species 2.
Table 1. Relative energies (kcal/mol) for π-bond 
shifting and conformation change reactions in 
species 1.
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5.43
5.68 Hd
Ha
J(Ha-Hb) =   9.7 Hz
J(Ha-Hd) = 13.7 Hz
J(Hb-Hc) = 11.5 Hz
J(Hc-Hd) =   6.4 Hz
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